Introduction
High performance tungsten heavy alloys have been developed and found wide industrial applications in chemical processing, national defense and aerospace industries for their high density, excellent strength, good ductility and toughness. 1, 2) Typical composition of commercial tungsten heavy alloys is comprised of 90-98 mass% tungsten with nickel and iron as balance and functioning as sintering aids. It is often to have Ni/Fe ratio of 7/3 (mass%) in order to prevent the formation of problematical intermetallic compounds such as Fe 7 W 6 , Fe 2 W, Ni 4 W and NiW etc. 3, 4) Conventionally, products of tungsten heavy alloys are manufactured by powder metallurgy (PM) route through liquid-phase sintering at temperatures above 1465 C.
3)
To our knowledge, there are classical [5] [6] [7] [8] and modern [9] [10] [11] sintering methods with regard to tungsten heavy alloys. In the former, three overlapping stages including particles rearrangement, solution-precipitation and coalescence take place during densification process. For the latter, major densification is occurred before the appearance of liquid phase due to diffusion of defects (vacancy and dislocation etc.) and elements (W, Ni and Fe etc.) to form -(Ni, Fe, W) phase. In addition, properties of raw materials including granularity, pre-alloying and stress condition have great influences on densification during solid state sintering. For example, Park and his colleagues 9) reported that PM compacts from fine ($1 mm) W powders began to densify rapidly at about 1200 C, while those from coarse ($5 mm) ones at about 1400 C. Gurwell 12) pointed out that pre-alloying of raw materials reduced sintering temperature.
PM compacts shrink approximately 30-40 vol.% during liquid phase sintering. [5] [6] [7] 13) This is true especially for thinwalled and large-scale products such as open cylinders and the like. These products tend to reveal extensive distortion during sintering and cause stress related problems such as cracking and collapsing etc. In order to minimize sintering shrinkage, plasma spray forming (PSF), which is capable of making near-net-shape products, has often been carried out to fabricate tungsten heavy alloy products. [13] [14] [15] In our previous work, 15) thin-walled products of the same composition have been fabricated by PSF where a five-stage sintering mechanism including (1) solid state sintering, (2) liquid phase formation and infiltration, (3) solution and precipitation, (4) particle rearrangement and (5) solution-precipitation and coalescence having been proposed. To re-validate and double check abovementioned five-stage sintering mechanism, influences of solid state and liquid phase sinterings on the relative density, microstructures and solubility of W in phase are investigated in detail in this work.
Experimental Procedures

Powder feedstock
Commercially available pure W (99.95 mass%) powders of average particle size of 3 mm, Ni (99.7 mass%) of 37 mm and Fe (98.5 mass%) of 74 mm were used as starting materials. Mixture of W, Ni and Fe powders were weighed according to the composition (in mass%) of 95 : 3:5 : 1:5 prior to mechanical alloying conducted in a XQM-4L type planetary ball mill. The parameters used are ball-to-powder ratio (BPR) 5 : 1, WC-6 mass%Co balls of 7.5 mm in diameter, ethanol as media, argon as protection medium against oxidation and milling for 50 h at 250 rpm.
The milled powders were mixed with binder (polyvinyl alcohol) and dispersant (polythylene glycol) in distilled water to make slurry. Optimal amount of binder was found to be 2.5 mass% (after 0.5, 2.5 and 5.0 mass% being tried during this study). The slurry was fed into high speed centrifugal atomizing nozzle by peristaltic pump. Inlet air was preheated to 250 AE 5 C to maintain inside chamber temperature of 180 AE 5 C and outlet 100 AE 5 C. The disc was rotated at 15,000 rpm with a flow rate controlled at 60-100 ml/min. The spray-dried powders were collected at the bottom of the spray drying chamber and degreased at 850 C for 1 h in hydrogen atmosphere.
Plasma spraying
Before plasma spraying, the feedstock was dried in an electric oven at 100 AE 5 C for 1 h to mitigate clogging and agglomeration for better injection in a feeding hose. Graphite cylinders of È80 Â 150 mm were prepared as a mandrel fixed on a turnplate at a rotating speed of 60 rpm in an airtight chamber of È1300 Â 1700 mm. The chamber was first evacuated and then filled with Ar at 1:01 Â 10 5 Pa. The feedstock was sprayed onto the graphite mandrel covered in Ar using a DH-1080 plasma system (max. 80 kW). The deposition parameters used are given in Table 1 .
Vacuum sintering
After PSF, the deposits with a wall thickness less than 5 mm were separated from the graphite mandrel. They were subsequently sintered in VTTCK-924 vacuum furnace (Ipsen International GmbH, Flutstrasse 78, Kleve, 47533, Germany, with accuracy of AE3 C) according to the parameters listed in Table 2 . Note that the heating rate was set at 5 C/min. Finally, the products were cooled to room temperature in furnace.
Differential scanning calorimetry (DSC) of about 10 mg powder sample (from PSF deposits after being broken up) was carried out in SETARAM SETSYS Evolution-2400 (SETARAM Instrumentation, 7, rue de l'Oratoire 69300 Caluire, France). Experiment was performed under flowing Ar (50 ml/min) at 10 C/min from room temperature up to 1500 C. Densities of PSF deposits before and after sintering (products or parts) were measured by Archimedes method [accuracy of AE2%]. Relative density was calculated as measured density divided with the theoretical density. Samples of metallographic study were prepared according to common practice of grinding on emery papers and mechanical polishing by 4-8 mm and 0.5-1 mm diamond pastes, respectively. Phase constituents were identified with D/Max2550 VB+ X-ray diffractometer (Rigaku International Corporation, 4-14-4, Sendagaya, Shibuya-Ku, Tokyo 151-0051, Japan) with radiation at 40 kV and 300 mA. SEM (JEOL JSM-6360LV, JEOL Ltd., 1-2, Musashino 3-chome Akishima Tokyo 196-8558, Japan) equipped with energy dispersive X-ray spectroscopy (EDS) and back scattered electrons (BSE) was used to characterize microstructures of feedstock, deposits and products. Solubilities of W in phase and, Ni and Fe in W solid solution, were measured by EDS analysis.
Results and Discussion
Feedstock characterization
High energy ball milling was carried out to achieve homogeneous distribution for large difference in density among elements W (19:3 Â 10 9 Mg/m 3 ), Ni (8:9 Â 10 9 Mg/ m 3 ) and Fe (7:9 Â 10 9 Mg/m 3 ). During ball milling, particles were subjected to high energy collision leading to cold welded and fractured. The average particle size of ball milled powders was 3:69 AE 0:1 mm. It was very difficult to plasma spraying fine particles as they tend to stick together and clog feeding hose. As a result, spray drying, an effective method to fabricate feedstock of spherical shape from fine milled powders, was adopted and has been described in Section 2.1 in detail.
After spray drying, we found that the agglomerates changed from anomalous into spherical as binder increasing from 0.5 to 2.5 mass%, which lead to better flowability. However, a high content of binder (5.0 mass%) would lead to much porosity due to its evaporation during degreasing. With the optimal content of binder (2.5 mass%), most granules of degreased feedstock were roughly spherical as shown in Fig. 1(a) . At high magnification, we can find that many tiny particles sticking together to form much bigger agglomerates (see Fig. 1(b) ). The particle size distribution of the composite feedstock was homogeneous with an average particle size of 33:4 AE 1 mm. Flowability and apparent density of the composite feedstock measured were ð13:56 AE 0:2Þ Â 10 À3 s/50 Mg and ð4:57 AE 0:1Þ Â 10 9 Mg/ m 3 , respectively.
Microstructures of PSF deposits
Microstructures in the cross section of deposits fabricated under various parameters listed in Table 1 are depicted in Fig. 2 . Figure 2 (a) shows that elongated splats forming a curved lamellar structure which is typical phenomena of thermal spray coatings. 16) There are tiny pores formed in PSF deposits due to incompletion of coalescence of impacting particles with pre-consolidated surface layers (see Fig. 2(b) ). In addition, micro-cracks were formed due to rapid cooling of molten particles. Relative density of PSF deposits was around 88% owing to formation of abovementioned defects. Note that there are three different regions including A (white phase), B (black phase) and C (grey phase) co-existing in the deposits as shown in Fig. 2 (e)) has been increased up to around 17 and 6 mass%, respectively. It has been pointed out that actual solubility should be much higher than those appeared in equilibrium phase diagram as metastable phase transformation caused by high energy ball milling. 22, 23) Moreover, deposition process of plasma spraying with a high particle velocity (200-600 m/s) and a rapid solidification rate (10 5 -10 7 C/s) after impaction 24) is very quick. As a result, the deposits did not reach fully equilibrium during plasma spraying and would instead retain partial metastable phases (see regions B and C in Fig. 2(b) ).
Vertical columnar structure can be discerned within layers of fracture surfaces as shown in Fig. 3(a) . This observation suggested that the solidification was completed immediately upon molten droplets and/or partially melted particles impacted on the surface of the deposit; the following/ newcoming droplets were spread on pre-deposited splats and then nucleation and solidification occurred layer by layer to finally form a columnar dominated structure. [24] [25] [26] Note here that there were some individual particles still remained, not forming the columnar structure as shown in Fig. 3(b) . Among others, Montanari et al. 26) observed this type of phenomena too. In their work, 26) the spray power of 45 kW was used to deposit pure W (T m ¼ 3410 C). However, the lower power of 30 kW was applied here to prevent low melting-points constituents of Ni and Fe from excessive vaporization. Consequently, there were some partially melted granular particles remained in PSF deposits.
DSC analysis
A DSC curve of PSF deposit sample measured up to 1500 C at 10 C/min is shown in Fig. 4 . There is one peak indicating main endothermic reaction occurred at around 1412 C (noted as T l ). One turning point, labeled as T s , around 1392 C, is corresponded to the initial melting temperature of phase. As a result, solidus and liquidus temperatures of phase were determined to be 1392 (T s ) and 1412 ðT l Þ AE 5 C, respectively. Based on these temperatures, reactions at 1200 and 1300 C were considered as solid state sintering, while those at 1400 and 1465 C were liquidphase sintering due to the involvement of liquid phase. According to the equilibrium phase diagram of W-Ni-Fe ternary system, 27) a melting point of phase is around 1435 C. Note that our PSF deposits melt much lower due to combinative results of pre-alloying, severe strain and the fine grain size of feedstock.
Solid state sintering
Microstructures of PSF samples after solid state sintering are shown in Fig. 5 . After sintering at 1200 C for 90 min, submicron sized gaps were healed up with many fine pores remaining in the products (see Fig. 5(a) ). Lamellar structure remained in fracture surface of the products with pores distributing at interfaces of lamellae (see Fig. 5(b) ). Note that recrystallization with the grain shape changed from columnar into fine polyhedral occurred after sintering. Moreover, phase was distributed at interfaces of lamellae, rather than at boundaries of recrystal grains. Based on the result of EDS analysis, solubility of W in phase has been reduced from 41 (in initial PSF deposits) to 16 mass% (after sintering at 1200 C for 90 min). This is mainly due to dissolving of supersaturated W into the matrix accompanying by dissolving of Ni and Fe into phase. At the same time, the relative density of the products was increased to around 90% with diffusion of elements and defects. Similarly, lamellar structure remained in the products after sintering at 1300 C for 90 min (see Fig. 5(c) ). The relative density was increased up to around 92% owing to an increase of diffusivity at higher temperature. One can see grain growth within individual lamella according to Fig. 5(d) . Moreover, phase can be discerned at the boundaries of recrystal grains owing to rapid diffusion. Figure 5 (e) shows an energy dispersive spectrum with main peaks of W, Ni and Fe taken in phase. Solubility of W in phase was measured to be 20 mass% (slightly higher than that at 1200 C).
Liquid phase sintering
Microstructures of products after sintering at 1400 C for 15 and 90 min are shown in Fig. 6(a)-(b) and (c)-(d) , respectively. It is clear that some phase melted locally to penetrate quickly into submicron gaps and pores under capillary force. As a result, the relative density of products was increased rapidly to around 92% within 15 min. Note that, in addition to the lamellar structure (see Fig. 6(a) ), we can see polyhedral tungsten grains and inhomogeneous distribution of phase in fracture surface (Fig. 6(b) ). At prolonged sintering time (up to 90 min), the relative density of products was increased to about 94% with initial lamellar structure remained in the products (see Fig. 6(c) ). Note that we can find several nearly spherical grains appeared in fracture surface (see Fig. 6(d) ) due to solution and precip- itation. Figure 6 (e) shows an energy dispersive spectrum of phase after sintering at 1400 C for 90 min. Solubility of W in phase at this temperature was found to be close to 26 mass%, which was higher than those at solid state sintering.
To our knowledge, sintering temperature has much influence on tungsten heavy alloys. For example, Toshihito and German 27) have reported that sintering temperatures must always be 20 to 60 C higher than the formation temperature of liquid. According to their suggestions, we decided to increase our sintering temperature up to 1465 C. Microstructures of products after sintering at 1465 C for 5, 15, 30 and 90 min are shown in Fig. 7 . After sintering at 1465 C for 5 min, solution and precipitation took place quickly owing to the presentation of a large amount of liquid phase. As a result, particle rearrangement occurred with initial lamellar structure changing into granular structure (see Fig. 7(a) ). It should be noted that separate -rich phase can be found in local regions for insufficient sintering time. The relative density was increased rapidly to around 94%. In the meantime, W particles started to coarsen after sintering at 1465 C for 15 min. And phase distributed more homogeneously due to sufficient time for particle rearrangement (see Fig. 7(b) ). Only a few tiny pores are found in the products with negligible grain growth (see Fig. 7(c)-(d) ) after sintering for 30 and 90 min, respectively. And the relative density was increased gradually to 95, 96 and 98% (corresponding to sintering time of 15, 30 and 90 min), respectively. From EDS analysis, we found that solubility of W in phase was increased from 23 to 25 mass% as sintering time expanded Micrographs of fracture surfaces of the products after sintering at 1465 C for 5, 15, 30 and 90 min are shown in Fig. 8 . Note here, the grain growth occurred rapidly (see Fig. 8(a)-(b) ) from 5 to 15 min and slowed down at prolonged time (see Fig. 8(c)-(d) ). Note that the fracture surfaces of the products sintered at 1465 C were dominated by intergranular rupture of tungsten grains and ductile avulsion of phase.
XRD analysis
X-ray diffraction patterns of samples after sintering at different temperatures for 90 min, with green deposit as reference, are shown in Fig. 9 . Besides to one set of main peaks belonging to bcc-structured tungsten phase, there are two weak peaks corresponding to phase. Note, there is no indication of any complex or detrimental secondary phase being formed from interaction among elemental W, Ni and Fe according to XRD study. As a result, XRD results were in accordance with those of EDS analyses mentioned above. Similar results were reported in our previous work. 15) 
Sintering mechanism
Differing from granular structure of PM, typical PSF deposits take lamellar structure. Note, five-stage sintering mechanism proposed previously 15) can be re-validated and double checked as follows according to the variations of microstructure, the relative density and solubility change of W in phase as a function of sintering temperature.
(1) Solid state sintering and recrystallization: During solid state sintering, the products remain initial lamellar structure. The relative density increases owing to diffusion of elements and defects. Since initial density of our products (around 88%) being much higher than that of green compacts (60-70%) fabricated by conventional method of PM, no significant densification was found in this stage. Note, recrystallization maybe occur at about 1200 C, which was not mentioned in previous work. 15) Upon recrystallization, grain growth with shape change from columnar into polyhedral takes place. Similar to those reported by Khor et al., 28) recrystal grains grow up within each lamella.
(2) Liquid phase formation and infiltration: Partial phase starts to melt at 1392 C according to DSC analysis. Under the effect of capillary force, liquid penetrates quickly into micropores and moves along tungsten grain boundaries and leads to an increase in relative density.
(3) Solution and precipitation: Particle rearrangement can not occur as viscous flow of liquid being held and restricted by lamellar structure. Alternatively, solution and precipitation of solid may occur. Fine particles and sharp edges of large particles can be dissolved preferentially. In the meantime, portion of supersaturated W atoms can be precipitated on the surface of large particles. As a result, W particles can be transformed gradually from polyhedron into spheroid. Moreover, coarsening of W particles may occur due to Ostwald ripening. Note, we found out that sintering temperature of liquid phase has great influence on solution and precipitation. Once sintering temperature is in solidusliquidus temperature range (as 1400 C here), it was hard for solution and precipitation to take place owing to limited liquid phase available locally. As a result, besides the formation of many polyhedral W particles, initial lamellar structure did not change in the products. Above liquidus temperature (as 1465 C here), solution and precipitation can occur rapidly with formation of spheroidal W grains. Consequently, the increase of relative density is significant.
(4) Particle rearrangement: After the shape of W particles changed into spheroid, substantial rearrangement of neighboring ones, with help of viscous flow of liquid, led to tight packing and high density. As a result, original lamellar structures changed gradually into granular-type shape. In short, particle rearrangement is mainly controlled by sintering temperature and time.
(5) Solution-precipitation and coalescence: Once particles rearrangement has been completed, solution-precipitation takes place again. Rate of densification was decreased whereas solid skeletons being formed during last stage of liquid phase sintering. In addition, W grains underwent further coarsening owing to solid diffusion. Finally, the products turned into two phase composites with coarsened spheroidal W grains dispersed and embedded in phase.
Besides some small complementarities, it can be concluded that the proposed five-stage sintering mechanism 15) has been validated again and double checked by experimental results of this work.
In addition, influences of solid state sintering on tungsten heavy alloy products fabricated by PM have been investigated by Chausse and Nardou. 11) They found that (Ni, Fe) solid solution was formed by sintering at 500 C. Diffusion of W in phase was not found until 1100 C. After sintering at 1200 C, W started to diffuse into phase and its solubility was increased with time. A solubility limit of 30 mass% W seemed to be stable at 1400 C. Differing from investigations of Chausse and Nardou, 11) supersaturated solid solution phases were formed in our PSF deposits. Once supersaturated W dissolved into matrix during sintering process, its solubility in phase starts to decrease first and then increase with temperature. Consequently, mechanism of elemental diffusion in our work is differed from Chausse and Nardou's results.
11)
Owing to 85-90% relative density, the shrinkage of PSF parts (with initial lamellar structure) is less than 10% during solid state sintering with major shape change controlled by liquid phase sintering. This is differed from PM compacts (granular structure with more than 30% shrinkage taking place during sintering). Consequently, less distortion and stress associated problems are then expected to occur in PSF parts and this trend has been observed in our study. As a result, sintering mechanism of PSF parts must be differed from that of PM products.
With abovementioned advantages, we believe that PSF will find wide applications in making thin-walled or largescaled parts with complex shapes for tungsten heavy alloys or similar refractory metals in the oncoming future.
Conclusions
(1) A typically lamellar structure with supersaturated solid solutions, pores and submicron gaps was formed and found in PSF deposits. Initial lamellar structure remained in products during solid state sintering. Recrystallization occurred at about 1200 C with grain growth within each lamella. Diffusion of defects and supersaturated elements including W, Ni and Fe is attributed for densification at this stage.
(2) As liquid phase sintering at 1400 C initial lamellar structure remained in the products due to limited particle rearrangement. Once sintering at 1465 C, W particles can be transformed from polyhedral into spheroidal by solution and reprecipitation of solid particles. This is followed by particle rearrangement and rapid densification. The final microstructure of our products is consisted of two phases (spheroidal W grains dispersed and embedded into phase).
(3) A five-stage sintering mechanism (including solid state sintering and recrystallization, liquid phase formation and infiltration, solution and precipitation, particle rearrangement, solution-precipitation and coalescence) has been revalidated and double checked by experimental results.
